Chikungunya virus (CHIKV) re-emerged as a globalized health threat fifteen years ago. There are dozens of RT-PCR assays published. An inventory of the latter was made, and after in silico analysis, two assays were selected for their ability to detect strains belonging to the five CHIKV genetic lineages. They were combined in order to provide a robust assay not affected by genetic point mutations and the resulting Duo CHIKV real-time RT-PCR assay was compared to the two parental single-plex tests against five strains belonging to the five genetic lineages. The Duo CHIKV assay performed equally, or better, in terms of sensitivity, specificity, linearity and signal intensity. Dual-target assays are better suited for viruses having the propensity to evolve into new variants via point mutations or major sequence deletions/insertions. Here, we demonstrated that combining two single systems into a dual-target assay did not impair sensitivity and specificity, and proved a potent diagnostic tool to face a potential emergence of CHIKV variants by newly evolving mutations.
Introduction
Fifteen years ago, Chikungunya virus (CHIKV) re-emerged as a global health threat because of its important human pathogenesis combined with its propensity for globalization. First identified in Tanzania in early 1952, it has caused periodic outbreaks in Asia and Africa since the 1960s [1] . The explosive outbreaks in the Indian Ocean, South-East Asia (2005) (2006) (2007) and in the Americas (2013-2016) allowed the spread of the disease over a wider range, with more than five million cases over the last 15 years [2, 3] . Recently, locally-acquired cases of CHIKV infection have been identified in Italy and France [4] [5] [6] [7] , proving that Europe has suitable conditions for the autochthonous transmission of CHIKV.
Chikungunya disease causes a dengue-like syndrome, characterized by fever, rash and arthralgia. This clinical picture does not allow to distinguish CHIKV infection from other pathogens causing similar illnesses (o'nyong-nyong virus, Mayaro virus, Dengue virus) based on clinical grounds [8] . Thus, laboratory identification of CHIKV infection has become an important issue for medical and epidemiological purposes. In particular, real-time PCR assays allow viral detection at the early stage of the infection, before the rise of IgM antibodies; they are the most frequently used technique used for routine diagnosis because of their sensitivity, specificity and short-turnaround time. 
Generation of CHIKV RNA Synthetic Transcript
A house-made synthetic standard RNA was used for the evaluation process of Duo CHIKV RT-qPCR assay, targeting one of the monoplex RT-qPCR included in the Duo assay. The target region, included in a plasmid synthetized by Genscript (GenScript, Piscataway, NJ, USA), was amplified by PCR. A first purification was performed using Monarch PCR & DNA Cleanup Kit (New England BioLabs, Ipswich, MA, USA). The RNA transcript was synthetized in vitro by using MEGAshortscript TM T7 Transcription Kit (Invitrogen-Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's instructions. TURBO DNase included in the same kit was used to remove any residual DNA. The RNA transcript was purified using Monarch PCR & DNA Cleanup Kit (New England BioLabs, Ipswich, MA, USA). The RNA concentration was determined using a Thermo Scientific TM NanoDrop TM (Thermo Fisher Scientific, Waltham, MA, USA). The RNA transcript was serially diluted from 10 8 to 10 2 copies/µL, and dilutions were stored at −80 • C.
Sensitivity
The measure and comparison of the sensitivity of the two selected assays and of the Duo assay was done with five strains of CHIKV representing the five genetic lineages: Asian, West African, and the three Eastern Central South African (ECSA 1, ECSA2, ECSA3), listed in Table 2 . Serial dilutions of the quantitated freeze-dried cell culture supernatant were prepared using AVE buffer containing 1 µg/mL of RNA carrier (QIAGEN, Venlo, The Netherlands), in order to achieve 5-fold serial dilutions containing 10 2 to 8.75 × 10 5 RNA copies/mL. Six decreasing concentrations were tested using six replicates for each. A Ct ≥ 40 was considered as negative. LOD was defined as the number of RNA copies/µL contained in the highest dilution for which all 6 replicates were positive.
Specificity
Pathogenic alphaviruses (n = 8), flaviviruses (n = 11) and phleboviruses (n = 3) were selected, and they are listed in Table 1 . All the viral strains included in the specificity panel were provided by European Virus Archive Goes Global (EVAg, https://www.european-virus-archive.com/), except Ross River virus, provided by the National Collection of Pathogenic Viruses (NCPV, https://www.pheculturecollections.org.uk/collections/ncpv.aspx). 
Results

CHIKV RT-qPCR Assays and Selection
A total of seven assays were retrieved from the PubMED search [9] [10] [11] [12] [13] [14] [15] . Specific attention was given to mismatches located in the five nucleotides places at the 3 extremity because of their ability to prevent correct hybridization. In probes, one or two mismatches generally do not compromise the hybridization potential but this also depends on the length of the probe and its G + C content. When compared with the 25 sequence alignments, two assays clearly provided a lower number of mismatches and mismatches that were not located in critical position. Detailed analysis had also been performed in a recent article, the leading author of which is one author of this study [8] . The first system, (Pastorino et al., 2005) designed to detect CHIKV strains belonging to both African and Asian lineages, consists of two primers and one probe which are located at the 3' untranslated region [9] . Comparison with sequence alignment showed one possible mismatch within the forward primer with one strain belonging to the ECSA1 lineage at a position that is of little influence for hybridization ( Figure 1 ). There was no mismatch within either the reverse primer or the probe. The second system, (Panning et al., 2006) consists of one fluorogenic probe and two sets of sense and reverse primers targeting the nsp1 gene: One set of primer is adapted to all CHIKV lineages, whereas the second one is best suited for strains belonging to the Indian Ocean lineage [10] . Few mismatches were observed in the in silico analysis, especially between the first couple of primers and ECSA3 strains sequences; however, the presence of a second set of primers complements the possible flaws of the first set ( Figure 2 ). 
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CHIKV RT-qPCR Assays and Selection
A total of seven assays were retrieved from the PubMED search [9] [10] [11] [12] [13] [14] [15] . Specific attention was given to mismatches located in the five nucleotides places at the 3′ extremity because of their ability to prevent correct hybridization. In probes, one or two mismatches generally do not compromise the hybridization potential but this also depends on the length of the probe and its G + C content. When compared with the 25 sequence alignments, two assays clearly provided a lower number of mismatches and mismatches that were not located in critical position. Detailed analysis had also been performed in a recent article, the leading author of which is one author of this study [8] . The first system, (Pastorino et al., 2005) designed to detect CHIKV strains belonging to both African and Asian lineages, consists of two primers and one probe which are located at the 3' untranslated region [9] . Comparison with sequence alignment showed one possible mismatch within the forward primer with one strain belonging to the ECSA1 lineage at a position that is of little influence for hybridization ( Figure 1 ). There was no mismatch within either the reverse primer or the probe. The second system, (Panning et al., 2006) consists of one fluorogenic probe and two sets of sense and reverse primers targeting the nsp1 gene: One set of primer is adapted to all CHIKV lineages, whereas the second one is best suited for strains belonging to the Indian Ocean lineage [10] . Few mismatches were observed in the in silico analysis, especially between the first couple of primers and ECSA3 strains sequences; however, the presence of a second set of primers complements the possible flaws of the first set ( Figure  2 ). * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * (1) refers to primer sets common for all CHIKV lineages, (2) refers to the second set of primers that is targeting specifically strains belonging to the epidemic Indian Ocean lineage.
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Analytical Sensitivity of Duo CHIKV RT-qPCR Assay
The results are presented in Table 3 . With no exception, the Duo assay showed equal or better sensitivity compared to the two single assays. For Asian and ECSA2 strains, the Duo assay provided 6/6 for 8 and 13 RNA copies/μL compared with 32 and 44 RNA copies/μL with the two mono-target assays, respectively. For West African, ECSA1 and ECSA3 strains, both Duo and mono-target assays detected 6/6 replicates for 24, 39 and 41 copies/μL, respectively. The Duo assay detected all strains with 6/6 scores for copies with the number varying from 8 to 41 per μL; the two single assays showed similar sensitivity with 6/6 scores for 24-44 RNA copies/μL. * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * Wes t Afri ca n As i a n 
refers to the second set of primers that is targeting specifically strains belonging to the epidemic Indian Ocean lineage.
The results are presented in Table 3 . With no exception, the Duo assay showed equal or better sensitivity compared to the two single assays. For Asian and ECSA2 strains, the Duo assay provided 6/6 for 8 and 13 RNA copies/µL compared with 32 and 44 RNA copies/µL with the two mono-target assays, respectively. For West African, ECSA1 and ECSA3 strains, both Duo and mono-target assays detected 6/6 replicates for 24, 39 and 41 copies/µL, respectively. The Duo assay detected all strains with 6/6 scores for copies with the number varying from 8 to 41 per µL; the two single assays showed similar sensitivity with 6/6 scores for 24-44 RNA copies/µL.
Specificity of Duo CHIKV RT-qPCR Assay
The specificity of the assay was tested against several related and non-related viruses from Alphavirus, Flavivirus and Phlebovirus genera. The 22 strains incorporated in the panel correspond to viruses that are present in areas where CHIKV is circulating and to other alphaviruses distinct from CHIKV. Five CHIKV strains of different lineages were used as positive controls. Duo CHIKV RT-qPCR detected all CHIKV strains and did not react with the 22 viruses included in the exclusivity test panel, with a specificity of 100%.
Linearity of Duo CHIKV RT-qPCR vs. Pastorino and Panning Mono-Target Assays
The results about the analytical sensitivity test obtained with the Duo CHIKV RT-qPCR test were compared to results of the mono-target assays, Pastorino and Panning (Table 3) , in order to evaluate the correlation between Ct values and the six different CHIKV concentrations previously tested. The response (Ct) for the three systems is linear, with correlation coefficient (R 2 ) close to one for all CHIKV strains. Results are detailed in Figure 3 . 
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Signal Intensity
Signal intensity is important for it has a significant impact on the ability to discriminate between negative and positive results without ambiguity. This situation is usually observed when the tested sample contains a low number of RNA copies, thus inducing a signal that is weak. As shown in Figure 4 , low copy samples that are close to the limit of detection provide a much stronger signal with the Duo CHIKV RT-qPCR assay compared to mono-target assays. 
Discussion
In this study, we developed and evaluated a Duo Chikungunya RT-qPCR assay; its dual-target design is characterized by the creation and detection of two different amplicons based on two different sets of primers and probes. Otherwise, we identified in literature several dual-target commercial tests for the screening of non-arboviral pathogens: Among them, Roche COBAS TaqMan 
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Discussion
In this study, we developed and evaluated a Duo Chikungunya RT-qPCR assay; its dual-target design is characterized by the creation and detection of two different amplicons based on two different sets of primers and probes. Otherwise, we identified in literature several dual-target commercial tests for the screening of non-arboviral pathogens: Among them, Roche COBAS TaqMan HIV-1 assay (Roche Holding AG, Basel, Switzerland) and Hologic Aptima HIV-1 Assay (Hologic Inc, Marlborough, MA, USA) have been evaluated [16] [17] [18] and their use is recommended for blood donor screening test of HIV-1. In Germany, for example, from 1 January, 2015, the use of dual-target NATs is mandatory to screen cellular blood components, therapeutic individual plasma and stem cell preparations for hematopoietic re-constitution for HIV-1 [19] . This obligation was introduced after six cases of HIV-1 RNA-positive blood donations occurred between 2007 and 2012, despite routine NAT screening, of which two resulted in HIV transmission to the recipients by transfusion of the corresponding red blood cell (RBC) concentrates [20] [21] [22] [23] . HIV-1 detection failures were due to mono-target assays measuring viral variants that exhibited mismatches with primer or probe sequences of the NAT target region.
The advantages of a dual-target design are multiple. Firstly, it allows us to detect viral genomes exhibiting mutations, as well as new viral variants. Polymorphisms, point mutations or major sequence deletions/insertions can compromise the accuracy of diagnostic and screening tests, resulting in false-negative NAT results despite viral RNA at concentration levels sufficiently high for detection by NAT. The inclusion of two targets into the assay design assures that the failure of one region detection is compensated by the detection of the other. This is of particular interest for CHIKV detection: Its potential to emerge and sustain its circulation in new environments relies on its ability to undergo genetic changes, in order to adapt to new hosts. In fact, the 2005-2006 epidemic in the Indian Ocean was associated with a strain of CHIKV with a mutation in the envelope protein gene (E1-A226V) [24, 25] . Probability of CHIKV detection, compensating for mutations or mismatches, can be increased by the choice of two, well-conserved genome regions to be targeted by NAT tests.
Secondly, a dual-target design allows an easy interpretation of the results. The use of a unique fluorescent dye for both probes (as we chose for our Duo CHIKV RT-qPCR assay) provides a simple algorithm for the validation of the analytical results. A negative result corresponds to the lack of amplification by both assays; a positive result corresponds to the detection of a viral genome by either both assays or one assay only, without the possibility to distinguish the two situations, avoiding endless use of confirmatory assays. In the case of low copy samples close to the limit of detection, a cumulative curve with a much stronger signal is obtained with Duo CHIKV RT-qPCR assays compared to mono-target assays. This renders the technical validation of the assay truly easier; consequently, it reduces the number of inconclusive results that must imply to perform confirmation assays before final results, with increasing expenses and delayed results.
Thirdly, dual-target design can offer an improved sensitivity compared to mono-target assays. During acute infection with CHIKV, the observed levels of viremia are usually substantially higher than those observed with most other arboviruses, and specifically with flaviviruses [1, [26] [27] [28] . Accordingly, although the question of sensitivity is less critical, we showed that the Duo assay sensitivity against strains representing the five main genetic lineages is at least equal and can be better than the sensitivity demonstrated by the single assays, individually.
Conclusions
As a conclusion, we demonstrated that combining two single systems into a dual-target assay do not impair sensitivity and specificity in CHIKV detection; moreover, it is a useful tool to face a potential emergency of CHIKV variants by newly evolving mutations. This study demonstrates that developing a Duo assay from two previously validated assays is easy and rapid. Thus, this study must be seen as a proof of concept that can be declined for other arboviruses and even other pathogens for providing a safe assay to be used routinely in clinical microbiology laboratories. 
